The segment 708 TGDGVNDSPALKK 720 in the ␣-subunit P domain of Na,K-ATPase is highly conserved among cation pumps, but little is known about its role in binding of Mg 2؉ 710 3 Ala mutation also interferes with transmission of structural changes to the ouabain site and reduces the affinity for binding of Tl ؉ 2-to 3-fold, suggesting a role in transmission of K ؉ stimulation of phospho-enzyme hydrolysis from transmembrane segment 5 to the P domain.
In resting mammals, Na,K-ATPase transforms 20 -30% of the current ATP production to active Na,K transport in kidney, the central nervous system, and other cells of the body in which Na,K gradients are required for maintaining membrane potential, cell volume, and secondary active transport processes of other solutes. In the renal Na,K-pump, ␣1-subunits (1016 residues) and ␤1-subunits (302 residues) exist in a stoichiometric ratio of one (1) . Long range structural E 1 7 E 2 transitions in the protein mediate energy conversion between the ATP binding and phosphorylation domain in the large cytoplasmic loop and cation sites in membrane-spanning segments of the ␣-subunit (2-4) (Fig. 1) . Among P-type E 1 are highly conserved during evolution (5) . In agreement with this extensive homology, the recent appearance of the high resolution structure of Ca-ATPase (6) shows that the TG-DGVND segment is important for transfer of energy to the cation sites. It is located in the P domain with connections to M4 and M5, and the Asp 710 side chain is the neighbor to the transiently phosphorylated residue Asp 369 in a negatively charged surface of the domain. However, the role of the TG-DGVND segment for binding of ATP or Mg 2ϩ and its participation in the conformational transitions remain uncertain. The aim of the present work has been to establish structure-function relationships for the 708 TGDGVNDSPALKK 720 segment, in particular concerning its role in coordination of Mg 2ϩ or in binding of free ATP.
Previously, this segment was proposed to engage in ATP binding on basis of chemical labeling with FSBA 1 of Lys 719 (7) or with ␥-[4-(N-2-chlorethyl-N-methylamino)]benzylamide ATP at Asp 710 or Asp 714 (8) . Lane et al. (9) concluded that Asp 712 and Asp 716 of the rat ␣1-subunit are both essential, because HeLa cells expressing substitutions for Asn did not survive in ouabain medium. The Asp 712 3 Asn mutation could be phosphorylated to 60% of wild type levels, whereas Asp 716 3 Asn was expressed without catalytic activity (9) . Analogous results were obtained for the homologous residues in CaATPase (10) . A role in Mg 2ϩ binding was proposed on the basis of peptide binding studies (11) and because mutation of Asp 710 in the ␣-subunit of renal Na,K-ATPase did not interfere with free ATP binding (12) . Contributions of Asp 710 and Asp 714 to coordination of Mg 2ϩ was also proposed in attempts at modeling the active site of cation ATPases on the dehalogenase fold (13) . In phosphoserine phosphatase, mutation of Asp 179 in the sequence 178-GDGATD decreased Mg 2ϩ affinity about 10-fold, whereas mutation of Asp 183 did not interfere with Mg 2ϩ binding (14) .
For establishing structure-function relationships of the 708 TGDGVNDSPALKK 720 segment in Na,K-ATPase, it is a problem that mutations in this segment elicit the unfolded protein response (15) and cause proteolytic degradation in yeast (16). Using modified growth media and fermentation protocols with reduced temperatures (15°C) during galactoseinduced Na,K-pump synthesis, these mutations can be ex-pressed in amounts sufficient for assay of high affinity binding of free ATP at equilibrium and interactions with Mg 2ϩ (17) . In the present work 14 In the E 2 P form, the two residues are more important for hydrolysis of the acyl phosphate bond at Asp 369 .
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Mutations of Asp 710 and Asp 714 were constructed by site-directed mutagenesis according to Ho et al. (18) . The resulting polymerase chain reaction fragments were digested with BamHI and EagI and inserted into similarly digested pPAP1933 (17) . The remaining mutations were constructed by oligonucleotide cassette mutagenesis (16). The nucleotide sequence of all polymerase chain reaction fragments was confirmed by dideoxy sequencing.
Transformation of Yeast Cells-Yeast cells were transformed according to Gietz et al. (19) .
Growth of Yeast and Expression of Na,K-ATPase-Transformed yeast cells were grown in an Applikon fermentor equipped with an ADI 1030 Bio Controller and connected to a computer running the BioXpert program. Growth of yeast cells expressing wild type Na,K-ATPase at 30°C, and Na,K-pump protein synthesis induced with galactose was performed as before (17) . Yeast cells producing all other mutations were grown at 30°C until all glucose was metabolized, transferred to 15°C for 30 min, and then induced with 2% galactose (16). Yeast cells were harvested 48 h later.
Isolation of Yeast Membranes-Isolation of crude membranes, SDS treatment of membranes at 0.2-0.3 mg of SDS per ml, and protein analysis were performed as described previously (17) .
Assay of Na,K-ATPase Activity-Assay at 3 mM ATP, 130 mM Na ϩ , 20 mM K ϩ was performed as before (17) . Assay at 25 M ATP, 130 mM Na ϩ , and 2 mM K ϩ were done in a recording spectrophotometer as described before (20 (2) . The high affinity inhibitor, ouabain, binds to the E 2 P form. Ouabain also binds to the other E 2 forms, but with reduced affinity. further reduced for mutations of Ser 715 , Lys 719 , and Lys 720 . Assay at low ATP was included to reduce background and increase the fraction of ouabain-sensitive activity. The ATP binding assays repeatedly showed that the affinity of Na,KATPase for binding of ATP is much higher than that of the background H-ATPase in the yeast membranes (ATP binding in K ϩ medium, not shown). The fraction of ouabain-sensitive Na,K-ATPase activity over background in the coupled assay at low ATP (25 M) and K ϩ (2 mM) was therefore more than 3-fold higher (33% in wild type) than in the assay at high ATP (3 mM) and K ϩ (20 mM).
Consequences of Mutations in the Segment
708 TGDGVNDS-PALKK 720 for Free ATP Binding-Comparison of data in Tables I and II shows that the capacities for binding of ATP at equilibrium were close to those of ouabain binding for the mutations in the conserved segment. The dissociation constants for ATP binding in the mutations of Thr 708 , Ser 715 , and Lys 720 were not significantly different from wild type (Table II) . A reduction of capacity and a moderate increase of the affinity for ATP were seen for the Lys 719 3 Arg mutation (Table II) . Substitution of Asp 710 for Asn or Ala increased the affinity for ATP 2-to 3-fold ( Fig. 2 and Table II) corresponding to an increase in Gibb's free energy of ATP binding of Ϫ2 kJ/mol (Table III) . This could be due to relief of electrostatic repulsion between Asp 710 and the negatively charged ␥-phosphate group of ATP, but the change is 3-to 4-fold smaller than the increase of Gibb's free energy of ATP binding after substitution of the phosphorylated residue Asp 369 with Ala (21) . To see if these changes of affinity for ATP depend on interaction between the two carboxylates, binding of free ATP at equilibrium was also determined for the double mutations of Asp 369 3 Ala with Asp 710 3 Asn or Asp 710 3 Ala. The binding data in Fig. 3 and Table III show that these mutations had very high affinities for ATP with K D values as low as 1.8 nM. Double mutant cycle energy analysis (24) of the data suggested that interaction between the two carboxylate groups in the E 1 conformation contributed Ϫ2.0 kJ/mol to the electrostatic repulsion between the carboxylate and phosphate groups (Table III) 3 Ala mutation, phosphorylation was almost abolished. Saturation with Mg 2ϩ could not be achieved, because specific phosphorylation was increasing in the range of 1-3 mM Mg 2ϩ but remained below 20% of the ouabain binding capacity (Fig. 4B) (Fig. 5) , whereas a 3-fold reduction of Tl ϩ affinity was seen for mutations of Asp 710 , probably due to interference with stabilization of the cation sites in the E 2 conformation. Estimation of the K c value for the E 1 3 E 2 conformational equilibrium from the K ϩ -ATP antagonism as described before (21) shows that the mutations of Asp 710 or Asn 713 caused a 2-to 3-fold increase of K c compared with wild type corresponding to a shift of conformational equilibrium toward the E 2 form (Table III) . Again, the magnitude of the change was smaller than that seen after removal of the carboxylate group of Asp 369 (Table III (Table IV) .
The assay of ouabain binding as a function of phosphate or vanadate is shown in Fig. 7 . 
The free energy contribution to ATP binding of interactions between Asp 369 and Asp 710 was calculated as: ⌬⌬GI ϭ ⌬⌬G1 Ϫ ⌬⌬G3 ϭ ⌬⌬G4 Ϫ ⌬⌬G2 ϭ 2 kJ/mol. Table III. between the two negatively charged groups (Table III) . In agreement with this the homologous residues in Ca-ATPase are neighbors in the negatively charged surface of the P domain (6) . To elicit such a strong electrostatic repulsion, the ␥-phosphate of the tightly bound ATP must approach the negatively charged surface of the P domain in the ␣-subunit of Na,KATPase. Binding of Na ϩ therefore closes the gap between the N domain and the P domain in the [3Na]E 1 ⅐ATP form of the protein. The two domains are widely separated (20 -25 Å) in the crystal structure of Ca-ATPase with two bound Ca 2ϩ ions (6). Accordingly, Ca-ATPase of sarcoplasmic reticulum does not bind free ATP but only Mg⅐ATP with moderate affinity (26 (28, 29) . The present mutagenesis studies do not contribute to identify residues ligating Mg 2ϩ in the E 2 P conformation, but inferences from Fe 2ϩ -induced cleavage studies involve the 212 TGES segment of the second cytoplasmic loop between M2 and M3 (30) . Another proposal is that Mg 2ϩ binds to Asp 586 of the invariant DPPR motif (31) , which forms the connection between the N domain and the P domain in Ca-ATPase (6) . A shift of Mg 2ϩ coordination to the TGES segment of L23 in the A domain will stabilize a bridge to close the gap between the P and A domains. This agrees with the prevention of selective tryptic or chymotryptic cleavage of exposed bonds near the TGES segment after transition to the E 2 P form (2) . Transmission of structural changes from the P domain to M4 and M5 may alter distances between cation coordinating residues to adapt from sites that are selective for Na ϩ with a diameter of 1.9 Å to sites that prefer K ϩ with a diameter of 2.7 Å (12, 22 action, the Asp 710 3 Ala mutation does increase the K1 ⁄2 for phosphate, but after correction for the change in affinity for ouabain, there is an increase of the estimated apparent affinity for phosphate (Table V) . For both wild type and mutations, the apparent affinities for phosphate are low, in the millimolar range, in the E 2 P⅐ouabain complex (Table V) . This agrees with the previous observation that Mg 2ϩ ⅐phosphate readily dissociates from the ouabain complex of the enzyme to allow rebinding of Mg 2ϩ ⅐vanadate (33) . The effect of the Asp 710 3 Ala mutation on the affinity for ouabain (K D ϭ 111 nM) is of the same order as that observed after removal of vanadate from wild type (K d ϭ 133 nM), whereas the affinity of the Asp 369 3 Ala mutation for ouabain in Mg 2ϩ alone is much higher (K D ϭ 4.8 nM) (21) . The Asp 710 3 Ala mutation also causes a 3-fold reduction of the affinity for binding of Tl ϩ (Fig. 5) . Our data therefore suggest that removal of the Asp 710 interferes with transmission of the structural change to the cation sites and ouabain binding domain at the extracellular surface. In the forward reaction, this corresponds to a role of Asp 710 in transmission of the K ϩ stimulation of phospho-enzyme hydrolysis from M5 to the P domain.
Assignment of vanadate as a phosphate transition state analog (32) , means that the molecular interactions taking place in the enzyme⅐vanadate complex mimic those found in the transition state for phosphorylation/dephosphorylation in the E 2 form. The increased Mg 2ϩ affinities observed in vanadate medium compared with phosphate medium (Table IV) 
